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(57) A method for determining a wafer characteris- 
tic, such as the surface quality of a film formed on the 
wafer, using a film thickness monitor is described. In one 
embodiment, the method comprises the following steps. 
A measured spectrum for a processed wafer is gener- 
ated (100). A set of parameters is chosen and then used 
to generate a calculated spectrum (101: 103). The 
measured spectrum is compared to the calculated spec- 
trum to determine if the two spectra match (105). If the 
two spectra do not match or the degree of nonconformity 
between the two spectra is greater than an acceptable 
error value, then there is probably a defect with the proc- 
essed wafer. For example, the film formed on the wafer 
may have a nonuniform or hazy surface quality. 
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Description 

The present invention relates generally to semicon- 
ductor manufacturing. More specifically, the present in- 
vention pertains to monitoring characteristics of a proc- 
essed substrate. 

During semiconductor device manufacturing, a film 
(e.g., epitaxial silicon) is often formed or grown on a wa- 
fer surface. After the film is formed on the wafer, a char- 
acteristic of the film is measured. Surface quality of the 
film is one such characteristic that is measured to de- 
termine if a wafer is defective. 

There are several methods to determine the surface 
film quality of the wafer. The light scattering method in- 
volves shining a bright light onto a wafer while a highly- 
skilled scientist visually examines the wafer to deter- 
mine surface film quality. Another method also involves 
a subjective visual inspection of the wafer by one skilled 
in the art, but under an optical microscope. Thus, both 
of these methods suffer from their dependence on the 
subjective visual inspection of a fallible human being. A 
third method required bringing a processed wafer to a 
light scattering instrument that focused laser light on the 
processed wafer. The amount of laser light scattered by 
the wafer is quantifiable and is then used to determine 
the surface film quality of the wafer. Unfortunately, this 
third method requires a very expensive light-scattering 
tool that is separate from the processing tool that forms 
the film on the wafer This third method uses a very cost- 
ly off-line metrology. Thus, it is desirable to use a tool 
that is already being utilized to automatically indicate a 
characteristic, such as the surface film quality of a proc- 
essed wafer. 

The present invention relates to a computer-imple- 
mented method for automatically determining a charac- 
teristic of a substrate by using a film thickness monitor. 
In one embodiment, the film thickness monitor includes 
a computer system and is part of a larger processing 
tool. In another embodiment, the film thickness monitor 
and its computer system are part of an off-line metrology 
and are not part of a larger processing tool. 

In one embodiment, the present inventive method 
comprises the following steps. A measured spectrum, 
which represents the reflectance of a sample substrate, 
is generated. A starting set of parameters (e.g., film 
thickness, substrate doping level) is chosen. A calculat- 
ed spectrum is then generated according to the starting 
set of parameters. The difference, if any, between the 
measured and calculated spectra is calculated or deter- 
mined. If the difference or residual error between the two 
spectra is not minimized, then at least one parameter is 
varied to generate a revised calculated spectrum. Typ- 
ically, however, more than one parameter is varied (pos- 
sibly more than once) before the residual error between 
the two spectra is minimized. The measured spectrum 
is then compared to the revised calculated spectrum to 
determine if the difference or residual error is minimized. 

If the difference or residual error between the two 



spectra is minimized, then it must be determined wheth- 
er the two spectra match well. This is because the fact 
that the residual error is minimized does not necessarily 
mean that the two spectra match well. In one embodi- 
s ment, if the two spectra do not match well, which usually 
means there is a residual error greater than a predeter- 
mined acceptable residual error value, then the sample 
substrate probably has a defect or problem. Further 
tests can be run to pinpoint the exact cause or nature of 
10 the problem. The problem can typically be haze or poor 
surface quality of the sample substrate. 

On the other hand, if the two spectra match well or 
correlate, then the sample substrate is probably accept- 
able and generally has the characteristics of the param- 
15 eters used to generate the calculated spectrum. In other 
words, the residual error between the two spectra falls 
within an acceptable range and indicates a "good fit" be- 
tween the two spectra. Thus, the present invention uses 
a film thickness monitor to quickly and automatically de- 
20 termine if a sample substrate has a defect without de- 
pending on an additional and costly instrument or on a 
fallible human being. 

The present invention is illustrated by way of exam- 
ple and not a limitation in the figures of the accornpany- 
25 ing drawings in which like references indicate similar el- 
ements. In addition, some of the elements in the figures 
are not drawn to scale and may appear larger for the 
sake of clarity. 

Figure 1 is a flow chart illustrating one embodiment 
30 of the present invention. 

Figure 2 is a block diagram illustrating one embod- 
iment of the present invention. 

Figure 3 illustrates a "good fit" between a measured 
spectrum and a calculated spectrum. 
35 Figure 4 illustrates a "bad fit" between a measured 
spectrum and a calculated spectrum. 

A method is described for conveniently determining 
a wafer characteristic. In the following description, nu- 
merous specific details are given to provide a thorough 
M understanding of the invention. It will, however, still be 
apparent to one skilled in the art that the invention may 
be practiced without these specific details. Moreover, in 
some instances, well-known semiconductor equipment 
and processes have not been set forth in detail in order 
45 not to unnecessarily obscure the present invention. 

The present invention provides several advantages 
over the prior art. In one embodiment, the present in- 
vention allows automatic and convenient determination 
of a wafer characteristic, such as film surface quality, 
50 while also measuring another characteristic, such as 
film thickness. The film surface quality can be deter- 
mined using an easily available and existing tool, such 
as a film thickness monitor. Therefore, no additional cost 
is incurred for another instrument or tool. Furthermore, 
55 the present inventive method is convenient because it 
can be implemented as part of an in-line metrology and 
does not depend on a fallible human being. 

Figure 1 is a flowchart illustrating one embodiment 
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of the present invention. It is to be appreciated that the 
flowchart shown in Fig. 1 can be utilized with a film thick- 
ness monitor as part of an in-line metrology or as part 
of an off-line metrology. In step 100, a measured spec- 
trum for a sample wafer is generated according to well- 
known techniques. In one embodiment, the measured 
spectrum for a sample wafer can be generated by com- 
paring the spectrum for the sample wafer with a refer- 
ence spectrum. Next, in step 101, a starting set of pa- 
rameters is chosen to describe the sample wafer. In one 
embodiment, the set of parameters can include, but is 
not limited to the following parameters: film thickness, 
wafer doping level, buried layer doping level and transi- 
tion thickness. The transition thickness is the thickness 
of the interface between the film formed and the wafer. 
Since a characteristic of the wafer such as film thick- 
ness is usually not known beforehand, the starting set 
of parameters are merely an estimation. It will be appre- 
ciated that additional parameters can also be included 
in the set of parameters. A calculated spectrum based 
on the starting set of parameters is then generated in 
step 103. In step 105, the difference between the meas- 
ured and calculated spectra is determined or calculated 
according to an algorithm, which is welt-known in the art. 

In decision diamond 107, it must be determined 
whether the difference between the two spectra (i.e., the 
measured and calculated spectra) is minimized. The de- 
gree to which the difference between the two spectra is 
minimized is often characterized by a residual error val- 
ue. The residual error value or error value discloses the 
degree of nonconformity between the measured spec- 
trum and the calculated spectrum. 

If it is determined that the difference between the 
two spectra is not minimized (e.g., the smallest possible 
residual error value is not obtained), in step 109, one of 
the parameters is varied. For example, the parameter 
of film thickness can be varied to try to minimize the dif- 
ference between the calculated spectrum and the meas- 
ured spectrum. In most cases, however, more than one 
parameter can be changed in step 109. In addition, the 
least squares fit is one algorithm that can be used to 
minimize the residual error value between the two spec- 
tra, while varying the parameters. It will be appreciated 
that other algorithms can be used to vary one or more 
parameters in an attempt to minimize the residual error 
value. After one or more of the parameter(s) is/are var- 
ied, then steps 103 and 105 are repeated with a revised 
calculated spectrum. In general, the parameters are var- 
ied until the minimum possible error value is obtained 
between the measured spectrum and the calculated 
spectrum. For example, if after varying one or more pa- 
rameters several times, error values of 0.005 or greater 
are obtained, then the two spectra are probably mini- 
mized at an error value of 0.005. The revised calculated 
spectrum is generated using the varied parameter(s) 
generated in step 109. A revised calculated spectrum is 
created each time one or more parameters are 
changed. The revised calculated spectrum is then com- 



pared with the measured spectrum to determine wheth- 
er the difference between the two spectra is minimized. 
If the difference is not minimized, then step 109 is re- 
peated. 

5 On the other hand, if it is determined that the differ- 
ence between the two spectra is minimized, then in de- 
cision diamond 111, it must be determined whether the 
two spectra match or correlate. In other words, it must 
be determined whether the degree of difference be- 
10 tween the two spectra is at or below a predetermined 
acceptable residual error value or range of values. If the 
minimized residual error value is greater than the pre- 
determined acceptable residual error value or range of 
error values, then the two spectra probably do not match 
is well. The degree to which the error value discloses a 
significant difference between the two spectra or indi- 
cates a problem will change depending on several fac- 
tors. For example, the type of film formed on the sample 
wafer and the sample wafer itself can affect when a min- 
20 imized residual error value will indicate a defect with the 
sample wafer. 

In an exemplary embodiment, the cut-off range be- 
tween an acceptable sample wafer and a defective sam- 
ple wafer can vary. But in most cases, if the minimized 
25 residual error value is greater than 0.005, then the two 
spectra do not match well. In other words, there is a bad 
fit" between the two spectra For example, if a predeter- 
mined residual error value of 0.0005 is chosen, and the 
minimized residual error value of the two spectra is 0. 1 1 . 
30 then the two spectra do not match (i.e., a "bad fit"). In 
that case, in step 113. it is determined that the sample 
wafer has a defect. Thus, it can be quickly determined 
whether the sample wafer has a defect or problem. The 
exact identity of the defect or the problem may require 
35 further tests. If, however, it is determined that the two 
spectra match (i.e., a "good fit"), then in step 115, it is 
determined that the sample wafer is probably accepta- 
ble. U also typically means that the sample wafer most 
likely has at least some of the characteristics described 
40 by the parameters used to generate the calculated spec- 
trum. 

It will be appreciated by one skilled in the art that 
the residual error value is not the only way of determin- 
ing the "fit" between the measured spectrum and the cal- 
45 culated spectrum. Other algorithms can also be used to 
measure the "fit" between the two spectra. For example, 
a computer can use an algorithm that can determine 
whether there is a "good fit' by Visually comparing 0 the 
measured spectrum to the calculated spectrum. 
so in one embodiment, the flow chart shown in Fig. 1 
occurs within the computer system of a film thickness 
measurement tool, such as a Fourier Transform Infrared 
Radiation (FTIR) film thickness monitor that is manufac- 
tured by On-Line Technologies, Ltd.. located in East 
55 Hartford, CT 06108. The film thickness monitor can be 
coupled to a larger processing tool or it can be a stand- 
alone tool in an off-line metrology. The flow chart of Fig. 
1 can also occur, alternatively within the computer sys- 
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tem of a larger processing tool that includes a film thick- 
ness monitor in an in-line metrology. For example, the 
film thickness measurement tool can be coupled to a 
larger processing tool such as the HT Centura, which is 
manufactured by Applied Materials of Santa Clara CA s 
95051, 

The present invention can utilize a film thickness 
monitor to not only measure film thickness but also to 
indicate whether a sample wafer might have a defect. 
One embodiment of the present invention is illustrated 10 
in Figure 2. Although the present invention can be used 
to determine various characteristics of a wafer, the 
present example will focus on the surface quality of a 
film formed on the wafer. It will be appreciated that var- 
ious films can be formed on the wafer, such as but not is 
limited to epitaxial silicon, undoped polysilicon, doped 
and undoped capped polysilicon and silicon germani- 
um. The surface quality of the film formed on the wafer 
can be easily and reliably determined using the present 
invention. 20 

After a film is formed on the wafer 202, it is placed 
on a chuck 203 within holding chamber 200. The holding 
chamber can be part of a larger cluster or processing 
tool, such as the Epi Centura, which is manufactured by 
Applied Materials, Santa Clara, CA 95051 . Or in another 25 
embodiment, the holding chamber 200 can be part of a 
separate off-line metrology A source 204 provides a 
light signal, such as infrared radiation, that passes 
through a wall in chamber 200 to the wafer 202. The 
light signal 210 directed to the wafer is then reflected 30 
212 back to a detector 206. The detector 206 is coupled 
to an exemplary computer system 208. 

Although the source 204 and detector 206 are 
shown outside the chamber 200 in Fig. 2, it is to be ap- 
preciated that the source 204 and the detector 206 can 35 
also be located within the chamber 200. In addition, 
source 204 and detector 206 do not necessarily have to 
be in a fixed position as shown in Fig. 2. Furthermore, 
exemplary computer system 208 can be part of a film 
thickness monitor or it can be part of a larger cluster or 40 
processing tool, such as the Epi Centura. 

Referring to Figure 3, a "good fit" between a meas- 
ured spectrum 300 and a calculated spectrum 303 is il- 
lustrated. The measured spectrum 300 can be collected 
by a detector, such as detector 206 illustrated in Fig. 2. ~ts 
The measured spectrum 300 reveals the reflectance of 
a light signal, such as infrared radiation, off of a wafer, 
such as wafer 202 of Fig. 2. As shown in Fig. 3, the 
measured spectrum 300 closely tracks or follows the 
calculated spectrum 303. The calculated spectrum 303 so 
is calculated or generated based on a set of parameters, 
such as but not limited to the following: film thickness, 
buried layer doping level, wafer doping level and transi- 
tion thickness. A residual error value of about 0.0008 
between measured spectrum 300 and calculated spec- ss 
trum 303 is determined. The residual error value can be 
minimized using the least squares fit algorithm or some 
other applicable algorithm. The very small residual error 



value, in this case, indicates that there is a "good fit" or 
match between the measured spectrum 300 and the cal- 
culated spectrum 303. The X-axis of Fig. 3 represents 
wavenumber (cm- 1 ) and the Y-axis represents the re- 
flectance. There is an average reflectance of about 0.30 
for the measured spectrum 300 and the calculated spec- 
trum 303, which means about one-third of the light signal 
is reflected off of the wafer. 

In contrast, Figure 4 illustrates a "bad fit" between 
a measured spectrum 400 and a calculated spectrum 
402. Once again, the X-axis represents wavenumber 
(cm- 1 ) and the Y-axis represents reflectance. The aver- 
age reflectance in Fig. 4 is about 0.05, which means 
very little light is reflected. Fig. 4 also has a much higher 
error or residual error value of about 0.1532, which in 
this case, indicates a poor match or "bad fit" between 
the measured spectrum 400 and the calculated spec- 
trum 402. In general, a lower reflectance and a higher 
residual error value (as shown in Fig. 4) indicate a wafer 
film surface quality problem, such as nonuniformity or 
haze. A "bad fit" between the measured spectrum 400 
and the calculated spectrum 402 can be quickly deter- 
mined using a film thickness monitor arrangement as 
illustrated in Fig. 2. It will be appreciated that other film 
thickness monitor arrangements can also be used in the 
present invention. 

In the above description, numerous specific details 
or examples are given to be illustrative and not limiting 
of the present invention. Thus, the present invention is 
not limited to determining the surface quality of a film 
formed on a processed wafer. It will also be apparent to 
one skilled in the art that the invention may be practiced 
without these specific details. Moreover, in some in- 
stances, well-known semiconductor equipment and 
processes have not been set forth in detail in order not 
to unnecessarily obscure the present invention. Thus, 
the method is defined by the appended claims. 



Claims 

1. A computer-implemented method, comprising: 

generating a measured spectrum for a wafer: 
generating a calculated spectrum; 
determining whether said measured spectrum 
matches with said calculated spectrum; and 
determining said wafer has a defect. 

2. The computer-implemented method of claim 1 , fur- 
ther comprising: 

varying at least one parameter of said calculat- 
ed spectrum in order to generate a revised cal- 
culated spectrum, wherein said calculated 
spectrum is defined by a set of parameters; and 
determining whether said measured spectrum 
matches with said revised calculated spectrum. 
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3. The computer-implemented method of claim 2. 
wherein said parameter is selected from the group 
consisting of film thickness, substrate doping level, 
buried layer doping level and transition thickness. 

4. The computer-implemented method of claim 1. 
wherein said step of determining said substrate has 
a defect includes determining that said measured 
spectrum and said calculated spectrum do not 
match well. 

5. The computer-implemented method of claim 4, fur- 
ther including the step of: 

determining that a film formed on said substrate 
has a nonuniform surface quality. 

6. The computer-implemented method of claim 2. 
wherein said step of determining said substrate has 
a defect includes determining that said measured 
spectrum and said revised calculated spectrum do 
not match well. 

7. The computer-implemented method of claim 6, fur- 
ther including the step of: 

determining thata film formed on said substrate 
has a nonuniform surface quality. 

8. A computer-implemented method of using a film 
thickness monitor that compares a measured spec- 
trum for a wafer to a calculated spectrum, said 
method comprising: 

determining whether said measured spectrum 
matches said calculated spectrum: and 
determining whether said wafer has a defect. 

9. The computer-implemented method of claim 8, fur- 
ther comprising: 

varying at least one parameter of said calculat- 
ed spectrum in order to generate a revised cal- 
culated spectrum, wherein said calculated 
spectrum is generated by a set of parameters: 
and 

determining whether said measured spectrum 
matches , said revised calculated spectrum, 
wherein a good match is determined by the de- 
gree to which said measured spectrum con- 
forms to said revised calculated spectrum. 

10. The computer-implemented method of claim 9, 
wherein said parameter is selected from the group 
consisting of film thickness, substrate doping level, 
buried layer doping level and transition thickness. 



11. The computer-implemented method of claim 8 S fur- 
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ther comprising: determining said wafer has a de- 
fect, wherein said step of determining said wafer 
has a defect includes determining that said meas- 
ured spectrum does not match said calculated 
spectrum within an acceptable range of predeter- 
mined residual error values. 

1 2. The computer-implemented method of claim 1 1 , fur- 
ther including the step of: 

determining that a film formed on said wafer 
has a nonuniform surface quality. 

13. A computer-implemented method of using a film 
thickness monitor, comprising: 

comparing a measured spectrum for a wafer to 
a calculated spectrum, wherein a film is formed 
on said wafer before said measured spectrum 
is generated; 

determining whether a difference between said 
measured spectrum and said calculated spec- 
trum is minimized, wherein said difference is 
represented by an error value; 
determining whether said measured spectrum 
matches said calculated spectrum; 
varying at least one parameter which defines 
said calculated spectrum to generate a revised 
calculated spectrum, wherein said calculated 
spectrum is defined by a set of parameters; 
determining said measured spectrum does not 
match with said revised calculated spectrum: 
and 

determining said film has a nonuniform surface 
quality. 
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14. The computer-implemented method of claim 13. 
wherein said step of determining that said meas- 
ured spectrum does not match with said revised cal- 
culated spectrum includes determining that said er- 
ror value does not fall within a predetermined range 
of acceptable error values, wherein said error value 
discloses the degree of nonconformity between 
said measured spectrum and said revised calculat- 
ed spectrum. 

15. The computer-implemented method of claim 13, 
wherein said parameter is selected from the group 
consisting of film thickness, substrate doping level, 
buried layer doping level and transition thickness. 

16. A computer-implemented method of using a film 
thickness monitor, comprising: 

comparing a measured spectrum for a wafer to 
a calculated spectrum; 

determining said measured spectrum does not 
match well with said calculated spectrum; and 
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determining said wafer has a defect. 

17. A computer-implemented method of determining a 
characteristic of a sample, comprising: 

5 

generating a measured spectrum for said sam- 
ple; 

choosing a set of parameters to describe said 
sample: 

using said set of parameters to generate a cal- 10 
cu fated spectrum: 

determining a degree of nonconformity be- 
tween said measured spectrum and said calcu- 
lated spectrum: and 

determining said sample has a defect. is 

18. The computer-implemented method of claim 17, 
further including: 

determining that the degree of nonconformity 20 
between said measured spectrum and said cal- 
culated spectrum is greater than an acceptable 
residual error value, which means said meas- 
ured spectrum does not match said calculated 
spectrum. 25 

19. The computer-implemented method of claim 17, 
further comprising: 



varying at least one parameter of said set of pa- 
rameters to generate a revised calculated 
spectrum: 

comparing said measured spectrum to said re- 
vised calculated spectrum; and 
determining that the degree of nonconformity 
between said measured spectrum and said re- 
vised calculated spectrum is greater than an 
acceptable residual error value. 

20. The computer-implemented method of claim 19, 
wherein said parameter is selected from the group 
consisting of film thickness, substrate doping level, 
buried layer doping level and transition thickness. 

21. A computer-implemented method of using a film 
thickness monitor to determine a characteristic of a 
sample wafer, comprising: 

generating a measured spectrum for said sam- 
ple wafer; 

choosing a set of parameters to describe said 
sample wafer; 

using said set of parameters to generate a cal- 
culated spectrum; 

comparing said measured spectrum and said 
calculated spectrum in order to calculate a de- 
gree of nonconformity; 

determining whether the degree of noncon- 
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formity between said measured spectrum and 
said calculated spectrum is minimized; 
varying at least one parameter of said set of pa- 
rameters to generate a revised calculated 
spectrum in which the degree of nonconformity 
is minimized; 

comparing said measured spectrum to said re- 
vised calculated spectrum: 
determining that said measured spectrum and 
said calculated spectrum do not match within 
an acceptable error value; and 
determining that a film formed on said sample 
wafer has a nonuniform surface quality. 

22. The computer-implemented method of claim 21, 
wherein the film is selected from the group consist- 
ing of epitaxial silicon, undoped polysilicon, doped 
capped polysilicon, undoped capped polysilicon 
and silicon germanium. 

23. The computer-implemented method of claim 21, 
wherein a parameter of said set of parameters is 
selected from the group consisting of film thickness, 
substrate doping level, buried layer doping level 
and transition thickness. 

24. A computer-implemented method of using a film 
thickness monitor, comprising: 

generating a measured spectrum for a wafer; 
choosing a starting set of parameters to de- 
scribe the wafer; 

generating a calculated spectrum with said 

starting set of parameters; 

determining whether an error value between 

said measured spectrum and said calculated 

spectrum is minimized; and 

determining whether said measured spectrum 

and said calculated spectrum match well. 

25. The method of claim 24, further comprising: 

determining said measured spectrum and said 
calculated spectrum do not match well: and 
determining said wafer has a defect. 



26. The computer-implemented method of claim 24, 
wherein a parameter of said set of parameters is 
selected from the group consisting of film thickness, 

50 substrate doping level, buried layer doping level 
and transition thickness. 

27. The computer-implemented method of claim 24, 
further comprising: 



ss 



determining said error value between said 
measured spectrum and said calculated spec- 
trum is not minimized; and 
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varying at least one parameter of said starting 
set of parameters until said error value is min- 
imized. 
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(57) A method for determining a wafer characteris- 
tic, such as the surface quality of a film formed on the 
wafer, using a film thickness monitor is described. In one 
embodiment, the method comprises the following steps. 
A measured spectrum for a processed wafer is gener- 
ated (100). A set of parameters is chosen and then used 
to generate a calculated spectrum (101; 103). The 
measured spectrum is compared to the calculated spec- 
trum to determine if the two spectra match (105). If the 
two spectra do not match or the degree of nonconformity 
between the two spectra is greater than an acceptable 
error value, then there is probably a defect with the proc- 
essed wafer For example, the film formed on the wafer 
may have a nonuniform or hazy surface quality. 
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